Abstract-This paper proposes a new class of on-board chargers for electric vehicles (EVs). Instead of being placed on-board as a separate unit, the three-phase (fast) chargers reutilize the existing components in EVs, which are already used for the propulsion. These are primarily the inverter and the machine, which however have to be multiphase (with more than three phases). The concept is valid for all multiphase propulsion drives with a prime number of phases higher than three and a single neutral point in motoring and is illustrated in detail for the five-phase inverter/five-phase machine configuration. During the charging mode, electromagnetic torque is not produced in the machine so that the rotor does not require mechanical locking. Hardware reconfiguration between propulsion and fast charging is required, but it is achieved with only two switches, which are the only two nonintegrated elements. The integrated topology is explained in this paper, together with the control scheme, and extension from five phases to higher phase numbers is illustrated using the seven-phase system as an example. Finally, the propulsion-mode operation with complete suppression of loworder harmonics, which map into the second plane, is achieved for the five-phase machine. Experimental verification of theoretical results and proposed control is provided for both charging and vehicle-to-grid mode of operation, as well as for propulsion.
I. INTRODUCTION
A N area of electric vehicles (EVs) that is recently receiving a lot of attention is charging. The main challenge is to provide an infrastructure that will be capable to withstand high charging demands that will inevitably be seen in the future, as a result of the increase in the number of EVs. A significant problem is that a high number of fast charging stations would have to be installed; considering the high cost of a typical modern dc charging station, this is not an easy task. One possible way of circumventing this problem is to equip vehicles with on-board chargers and develop an infrastructure with multiple access points to three-phase ac mains. This requires existence of on-board battery chargers.
Fast charging requires significant installed power of the battery charger. However, increasing the power rating of on-board chargers substantially is not viable, since it would load the vehicle with unacceptably high additional weight and would increase the cost significantly. Fortunately, the power electronic components that are required for rectification of ac voltages and those that are used in EVs for propulsion are very similar; moreover, the two modes of operation are never encountered simultaneously. This has led to the idea of integrating the two functions more than 30 years ago [1] by using the same components. At present, integrated chargers are seen as one of the most important contestants for solving the mass charging problem, as they allow reduction of cost, weight, and required space in the vehicle.
Although there are numerous proposals for integration, as surveyed in [2] - [4] , the vast majority are restricted to single-phase (slow) charging [5] - [11] . The main reason for this situation is that it is relatively easy to avoid electromagnetic torque production in the machine during the single-phase charging. However, single-phase charging is restricted by the capacity of the mains outlet and is always of low maximum power so that the charging process is inherently slow.
A review of the EV propulsion motor technology [12] shows that the majority of modern EVs use either induction or PM synchronous motor for propulsion, which are currently threephase. The first fast integrated charger that found its place in industry is "Chameleon charger" [13] , [14] , which is at present commercially used in Renault ZOE. It utilizes a synchronous motor with excitation winding. However, for charging purposes, additional nonintegrated elements are required. The main nonintegrated component is an additional rectifier. Upon rectification, dc current is passed through the motor so that the stator winding now takes the role of filtering inductance. It appears that the charging configuration and operation rely on patents described in [15] and [16] .
Due to the nature of the three-phase system, it seems that it is impossible to design a fully integrated charger without any additional nonintegrated components, when three-phase charging is required and a three-phase motor is used, while achieving the zero torque production. The closest one can get to this is either to use the system described above, where the machine is used to filter the charging current but an additional rectifier is required, or the solution of [17] , in which the three-phase converter is integrated in the charging system and performs the role of the PWM controlled inverter/rectifier in the propulsion/charging modes. However, in the solution of [17] , the motor is disconnected during charging using a special switch and additional filtering reactors are the additional nonintegrated components required. Finally, Hong et al. [18] utilizes a three-phase machine for the charging purposes but requires an additional nonintegrated charger.
However, the situation radically changes if the propulsion motor has more than three phases. In [19] , a three-phase machine 
is supplied from a triple H-bridge in the propulsion mode. The machine is three-phase, but of special construction, so that midpoints of the three individual phase windings are accessible (thus the machine is an equivalent of a symmetrical six-phase machine). These midpoints are used to connect terminals of the three-phase grid in charging mode. By simultaneous switching of pairs of inverter legs, connected to the same grid phase, the same current flow is achieved through two half-windings of the machine that belong to the same machine's phase. Since these two half-windings are in space opposition, they cancel each other's effect so that there is no field and consequently no torque production in the machine. The configuration has a great additional feature, namely it does not require any hardware reconfiguration between the propulsion and the charging mode. It is currently being considered by Valeo for the use in future EVs [20] .
Another solution that employs a six-phase machine is described in [21] . During the charging mode, it operates using the principle similar to the one of [19] . The important difference is that it requires a hardware reconfiguration, since a three-phase inverter is used (unlike in [19] , where a six-phase inverter is employed) in both propulsion and charging. An interesting isolated solution, also based on a six-phase machine, is presented in [22] . However, a torque is produced during the charging process.
An alternative configuration that does not require any hardware reconfiguration in order to achieve charging is presented in [23] . It incorporates a nine-phase machine and a nine-phase inverter into the charging process. In the propulsion mode, it operates with three isolated neutral points, while during the charging process those neutral points are directly connected to the three terminals of the three-phase grid. The control achieves the same current flow in all machine phases that are connected to the same grid phase. In this manner, the field is cancelled within each of the three machine's three-phase sets. Hence, the excitation in the first (torque/flux producing) plane is identically equal to zero, no electromagnetic torque is produced during charging, and no hardware reconfiguration is required. When compared to the solution of [19] , three rather than two three-phase inverters are required; however, excellent fault tolerance exists in the propulsion mode so that realization of the limp-home mode is rather simple.
Two further fast charging solutions with six-phase machines, this time of isolated type and using a six-phase converter, are presented in [24] . One applies to a symmetrical six-phase machine (as in [19] ), while the other is valid for an asymmetrical sixphase machine. The configurations employ the principle of phase transposition [25] in order to avoid torque production during the charging process.
A common characteristic of the solutions with symmetrical six-phase machine [19] , with symmetrical or asymmetrical ninephase machine [23] , and with asymmetrical six-phase machine [24] is that the first (flux/torque producing) plane is left completely without excitation during charging. Hence, currents of the machine fully map into the other nonflux/torque producing planes [26] . However, another possibility exists. It is to divert machine currents in such a way that only one axis current in the first plane flows so that a pulsating field exists during charging. Such a solution is given for the symmetrical six-phase topology in [24] . The idea is here generalized to multiphase systems with a prime number of phases and a single neutral point.
A quantitative comparison of some of the existing solutions is given in Table I . This paper proposes a new integrated charger concept, based on the integration of a multiphase machine with a prime phase number higher than three and a single neutral point, and a multiphase inverter. The principle relies on the production of the pulsating field in the first plane and is developed in detail for the five-phase topology. Extension to higher prime phase number is illustrated using the seven-phase system as an example.
This paper is organized as follows. The charging topology is introduced and its operating principles explained at a theoretical level, using the five-phase topology, in Section II. Extension of the principle to higher prime phase numbers, assuming single neutral point in the propulsion mode, is presented in Section III. Control algorithms are then described in Section IV and experimental results are reported in Section V for the five-phase system to validate the concept and the theoretical considerations. Experimental verification is provided for both charging and vehicle-to-grid (V2G) modes, as well as for the propulsion mode of operation. Section VI concludes this paper.
II. TOPOLOGY AND OPERATING PRINCIPLES
The proposed topology is depicted in Fig. 1 for the five-phase system. In the propulsion mode, switches S 1 and S 2 are both closed. The drive has a single neutral point, as the case is typically with all multiphase machines with a prime phase number [26] , [27] . Switch S 1 carries current of the machine's phase a, while S 2 carries sum of the currents of machine's phases c and d. A five-phase system in the propulsion mode appears to represent a good tradeoff between two mutually opposing requirements for vehicular applications, enhanced fault tolerance, and the low complexity of the system. Fault-tolerant operation with multiphase machines is based on the fact that only two independently controllable currents are required for independent flux and torque control so that when there are more than three phases, there exist additional degrees of freedom which can be used to achieve the postfault operation [26] . The propulsion mode of operation of a five-phase machine during a fault has been covered extensively in the past (e.g., [28] , [29] ) and is beyond the scope of this paper. The five-phase machine used later on to experimentally prove the viability of the concept of Fig. 1 is of induction type; however, the concept is equally applicable to five-phase synchronous machines as well.
An EMI filter will normally be used in the charging mode. Since its three-phase connections are short-circuited, it does not influence the propulsion mode, and it can remain attached without any interference in this mode of operation. It should be noted that this is the only configuration that has this advantage and does not accomplish it by placing the EMI filter on the grid side of an additional nonintegrated element (see Table I ). The nonintegrated element is a rectifier in [15] , it is a set of filtering reactances in [17] , while it is an isolation transformer in [24] . On the other hand, if charging is considered, all the other solutions in Table I have either the machine phase number or the inverter leg number equal to at least 6. Thus, the five-phase system is the only fully integrated fast charging system which enables reduction of this phase number below 6.
The topology in Fig. 1 is shown without a dc-dc converter. However, it should be noted that if the battery voltage cannot reach the peak of the grid line-to-line voltage, a bidirectional dc-dc converter should be included between the battery and the five-phase converter. Whether or not a dc-dc converter is used has no impact on the charging principle and control; thus, it is not considered further on.
For the three-phase charging, both switches S 1 and S 2 have to be opened. This connects grid phase a to an open terminal of machine phase a, grid phase b is connected to a parallel connection of machine phases b and e, while grid phase c is applied to the parallel connection of machine phases c and d (see Fig. 1 ). Inverter legs that supply machine phases connected to the same grid phase are controlled using the same switching signals. Thus, there are only three gating signals. The first one goes to the inverter leg of phase a, the second one to the inverter legs connected to phases b and e, and the third one to legs supplying phases c and d.
One very important aspect of integrated chargers is whether electromagnetic torque gets produced in the machine during the charging mode. Machine's behavior can be easily assessed in the charging mode of operation by using the decoupling transformation matrix and examining the mapping of the currents into the planes of the five-phase system. The decoupling matrix is available in [26] ; if represented in space vector form (symbol f denotes current or voltage), it is governed with
where a = exp (jδ) = cos δ + j sin δ and δ = 2π/5. Indices α, β denote the flux/torque producing plane, and indices x, y stand for the nonflux/torque producing plane(s). In a three-phase system, the grid currents are governed with
From Fig. 1 , it can be seen that the relationship between grid and machine currents is
The substitution of (2) and (3) into (1) leads to the following two space vectors:
i xy = I · √ 2 cos(ωt + 0.659). Obviously, there is excitation in the first (torque producing) plane. However, only the α-component exists, while β-component is zero. This leads to the production of a pulsating field in the machine, which is not capable of creating a starting torque. Consequently, in this mode of operation, the machine's rotor will be kept naturally at standstill, without the need for any mechanical brake. The pulsating field in the machine will cause iron losses in both stator and rotor of the machine. However, while the former is always inevitable if the machine plays the role of filtering inductances, the latter is unavoidable when rotor bars are to be utilized in order to increase the equivalent filtering inductance, as the case is here. The issue is further discussed in Section IV.
Equivalent circuit representation of the system in charging mode is shown in Fig. 2(a) , where filter parameters (R and L) are not equal for all the three phases; these are in essence equivalent machine parameters as seen from the grid side and relate to the way in which the machine phases are connected to the grid phases [see Fig. 2 (b) ].
III. EXTENSION OF THE PRINCIPLE TO HIGHER PHASE NUMBERS
The principle of keeping the β-component at zero and exciting only the α-component in the flux/torque producing plane can be applied to all the other systems with a prime number of phases. Two different approaches can be followed when there are seven phases or more. In the first one, phase a of the grid will always get connected to the phase a of the machine, and this is simultaneously α axis. Phases that produce β-components of equal values but of opposite sign should be connected to the same grid phase. This comes down to connecting to the same grid phase (say, phase b), two phases of the machine at spatial positions δ = 2π/n and (2π − δ), and those at 2δ and (2π − 2δ) to phase c. This assures that they cancel each other's β-component of the field, and only the α-component remains. Obviously, when the number of phases exceeds seven, there is more than one possibility of machine phase selection for parallel connection to the given grid phases b and c. The drawback of this method is that as the phase number increases, charging mode power becomes smaller and smaller part of the motor propulsion mode power.
In the described approach, only five phases of the machine would be used regardless of the machine's phase number. An alternative way is to always involve all machine phases in the charging process, the advantages being that only two switches will always be required for hardware reconfiguration (regardless of the machine's phase number) and that the charging power will be closer to the propulsion rated power. The principle of β-component cancellation still has to be used. Hence in, say, a seven-phase system, one could connect machine phases a, b, and g to grid phase a, phases c and f to grid phase b, and phases d and e to grid phase c. This is illustrated next.
Decoupling transformation matrix of a seven-phase system can be given in complex space vector form with
where a = exp (jδ) = cos δ + j sin δ and δ = 2π/7. Indices α, β denote the flux/torque producing plane, and indices x 1 , y 1 , x 2 , y 2 stand for the two nonflux/torque producing planes. Grid currents are again given with (2) and, according to the described principle of machine phase selection for paralleling to a given grid phase, their relations with machine phase currents are the following:
(7) Subsequent substitution of (7) and (2) into (6) leads to the following excitations in the three planes:
i x 2 y 2 = 0.6571 · I · cos(ωt − 2.1390).
Clearly, the excitation in the torque producing plane is again only in the direction of the α-axis. Since the β-component is kept at zero, the field will be again pulsating and, hence, incapable of producing any starting torque. Again, the machine rotor will not rotate so that it does not have to be mechanically locked during the charging or V2G process.
IV. CONTROL

A. Charging
It follows from Section II that the five-phase machine will not rotate during the three-phase charging process. Its equivalent scheme representation is hence facilitated since the machine can be represented as a simple set of passive components, as shown in Fig. 2(a) . The connection arrangement between the grid and the machine is shown in Fig. 2(b) . This section considers the control of the system in the charging mode. In some ways, the situation is similar with control of the configurations elaborated in [23] and [24] . However, for the sake of completeness, full control scheme is described here.
The configuration requires measurements of grid voltages, grid currents, and dc-bus voltage. It should be noted that additional current sensors, above those already required for the propulsion mode, are not needed since the grid currents can be obtained from machine currents.
In order to meet grid standards and regulations regarding unity power factor operation, voltage-oriented control (VOC) is utilized as the main control algorithm. Therefore, knowing the grid position is obligatory, and this is a logical first step. This information can be obtained from a phase-locked loop (PLL). In order to improve the response for distorted grids, the PLL shown in Fig. 3 is utilized. Fig. 2(a) .
The control has to achieve unity power factor. In order to observe phase deviation from it, it is beneficial to transform grid currents into a rotating reference frame that is orientated according to the grid voltage. For this reason, VOC is used as a control algorithm (see Fig. 4 ). Grid currents are initially transformed using a decoupling transformation, and then into a synchronously rotating (dq) reference frame, utilizing the information on the grid position obtained from the PLL. Both transformations are in Fig. 4 represented with a single block labeled "coordinate transformation." Now, the d-component is the grid-current component that is in phase with the grid voltage, and this is the component that can be used for energy transfer. The q-component represents grid current that is shifted from the d-component of the grid voltage by 90°; thus, it should be kept at zero, at all times.
While the reference for the q-component is, naturally, zero, there are two manners of obtaining the reference for the dcomponent. If charging with constant current is required (CC mode-usually at the beginning of charging process), the reference for the d-component should be obtained as the output of a battery charging current controller. However, close to the end of the charging process, the battery needs to be charged with a constant voltage (known as CV mode). Here the reference should be obtained from a dc bus voltage controller, which is represented as an outer control loop in Fig. 4 .
When the current reference is obtained in one of the two ways described above, it enters the "current controllers" block in Fig. 4 , which is shown separately in Fig. 5 . The reference current components are getting subtracted from the real values. The reason for this reverse sign is the fact that higher converter voltages lead to a decrease in current, while the lower ones increase it. Since both actual and the reference component are dc values, their difference can be controlled with PI controller that is shown at the top of Fig. 5 . This is sufficient for the fundamental control in symmetrical systems.
However, from Fig. 2 , it can be seen that equivalent machine parameters are not the same with respect to the grid phases. If only fundamental component rotating in the synchronous direction is controlled, in stationary state, the output of the VSI is a vector that rotates in the synchronous direction and that has a fixed amplitude. Since the grid voltage is also a vector with fixed amplitude rotating in the synchronous direction, their difference is a vector with fixed amplitude rotating in the synchronous direction as well. Now, this difference is in essence the voltage that is applied to the filter (i.e., machine). Since the filter does not have the same impedance in all three phases, and considering that the voltage that is applied to all three phases is of the same amplitude, the currents flowing through the three phases will have different amplitudes. According to the theory of symmetrical components, this leads to a fundamental component that rotates in the antisynchronous direction and is seen from the dq reference frame as -2nd harmonic (harmonic with frequency two times higher than fundamental, and that rotates in the direction that is opposite to synchronous). In order to achieve the same current rms values in all three phases, it is necessary to eliminate this harmonic. This can be done with vector proportional-integral (VPI) resonant controllers tuned for the cancellation of the second harmonic (middle part of Fig. 5 ).
The asymmetry in the machine's equivalent scheme for the charging mode has two reasons. The first one is that phase a of the grid is connected to a single machine's phase, while phases b and c are each connected to a parallel connection of two machine phases. Grid phase b is connected to machine phases b and e, while grid phase c is connected to machine phases c and d [see Fig. 2(b) ]. Since machine phases that are connected to the same grid phase are connected in parallel to each other, their equivalent impedance is two times lower than the impedance of a single machine phase.
The second reason is the rotor influence. Namely, when a pulsating field enters the rotor, it induces currents in it (assuming that the motor is an induction machine, as the case is here) so that the rotor parameters start to play a role in the system. As field that stator produces pulsates, it causes only a pulsating field in the rotor. Therefore, induced currents in the rotor will create flux in a single direction only. Similarly, as the stator influences rotor currents, the rotor currents also influence stator. However, since the rotor field pulsates, stator parts that are spatially shifted from the direction of pulsation by 90°will not see any influence of the rotor. On the other hand, stator parts that lay on the direction of the pulsation feel the whole impact of the rotor field. Therefore, the influence is higher on phases that are shifted from the direction of the pulsation by a smaller angle. Thus, machine's phase a is influenced the most, since it lays on the direction of the pulsating field. On the other hand, machine phases c and d are shifted by 36°from the pulsating field direction. Therefore, the influence of rotor on them is smaller than on the phase a. Finally, the influence is the least on machine phases b and e as they are shifted from the direction of the pulsating field by 72°. Hence, the equivalent parameters of the grid phase b are increased the least, since they include parallel connection of machine phases b and e; thus, this grid phase will have the lowest equivalent impedance. Naturally, the grid phase a will see the highest parameter values.
Finally, odd low-order harmonics, introduced by the inverter dead time, should also be compensated. In three-phase systems, these are predominantly the -5th, 7th, -11th, and 13th (minus sign denotes the antisynchronous direction of rotation). From the dq reference frame, these harmonics are seen as the -6th, 6th, -12th, and 12th harmonic, respectively. Both the -6th and 6th harmonic (as seen from the dq reference frame) can be conveniently controlled with a single VPI resonant controller in each axis that is tuned at the 6th harmonic. Similarly, the -12th and 12th harmonics can be controlled with a single VPI controller in each axis that is now tuned for the 12th harmonic. These controllers are exactly the same as the one for asymmetry control. The only difference lies in the block "harmonic number" which should instead of value 2 have values 6 and 12, respectively.
Output of current controllers is summed with the dcomponent of the grid voltage. This is done to prevent high currents at the beginning of the charging process. Now, the sum is the reference for the dq components of the inverter voltage. When inverse rotational and inverse decoupling transformations are applied to them, references for inverter phase voltages are obtained. These enter PWM block which uses carrier-based modulation strategy with zero-sequence injection.
It should be noted that this control algorithm can be used unchanged for V2G operation. The only requirement is that a minus sign should be placed in front of the reference for the grid-current component i * dg .
B. Propulsion
As already stated, the propulsion mode of operation is well known for five-phase machines. Indirect rotor-field-oriented control, available in [26] and [27] , is applied here with some modifications. In order to decrease computational time and improve harmonics control, different current controllers (compared to [27] ), as shown in Fig. 6 , are used in the second (xy) plane. The controllers are based on the idea that is presented in [30] for the case of an asymmetrical six-phase machine. The dominant harmonics that map into this plane are the 7th and the -3rd. In [27] , current components of the xy plane are transformed and subsequently controlled in the synchronous reference frame (i.e., the same frame used for dq current control). Here, a reference frame that rotates at twice the synchronous speed is selected for xy current components. This leads to the 7th and -3rd harmonic (as seen from the stationary reference frame) appearing as the 5th and -5th harmonic in the selected reference frame that rotates at twice the synchronous speed. Hence, both harmonics can be conveniently controlled by a single VPI controller placed in each axis, as illustrated in Fig. 6 . Using the same idea, PI control of dq current components is enhanced with a VPI controller in the first plane to eliminate the −9th and the 11th harmonics.
As already mentioned, the EMI filter that normally exists does not interfere with the propulsion mode. Thus, from the control perspective, its existence can be neglected.
V. EXPERIMENTAL RESULTS
Experiments are performed to validate the theoretical results of Section II and control schemes described in Section IV. Experimental rig is shown in Fig. 7 , and data are given in appendix. The grid is three-phase, 415 V, 50 Hz. An amplifier "Spitzenberger & Spies" is used to emulate a battery and, therefore, dc-dc converter is not utilized. The amplifier has a maximum sinking power of 4 kW. Although this limits the charging power that can be achieved with the experimental rig, it by no means represents the power limit of the topology. A resistor of 0.5 Ω is used to emulate battery's internal resistance and is placed between the amplifier and the inverter. The converter operates at 10 kHz, with asymmetrical PWM; the control frequency is thus 20 kHz. Converter dead time is 6 μs. Carrier-based modulation strategy with zero-sequence injection is utilized. Charging, V2G, and propulsion mode are evaluated in the next three sections. 
A. Charging Mode
Fast (three-phase) charging is assessed first. In the experiment, the EMI filter is not used so that all the filtering is performed by machine windings. Reference for the grid d current component is set to 2 A; this corresponds to the grid-current rms value of 1.15 A, since power invariant decoupling transformation is used. It should be noted that the reference could be also obtained from a battery current controller to demonstrate the CC mode, or from voltage controller to demonstrate the CV mode. Since this is not the focus here, a fixed value is chosen. The dc bus voltage is 720 V.
Grid-phase voltage v ag and three grid currents are shown in Fig. 8(a) . Unity power factor operation is obvious. It can be noticed that grid-current ripple is not the same, and is the highest in grid phase b. This is due to unequal equivalent scheme parameters for this mode of operation, as elaborated in Section IV. However, although parameter asymmetry exists, it can be seen that grid currents have the same amplitudes, which verifies the "asymmetry control" block from Fig. 5 . The spectra of grid currents i ag , i bg , and i cg are shown in Fig. 8(b) , (c), and (d), respectively, and they show good current quality. However, it can be seen that the THD is the highest in phase b, as it has the lowest equivalent impedance.
Grid-current components are shown in Fig. 9 . The qcomponent is kept at zero, while the d-component follows its reference without a steady-state error. It can be seen that it does not contain the second harmonic, which again validates the asymmetry control part from Fig. 5 .
Machine currents i b and i e are shown in Fig. 10(a) , together with the traces of the grid-phase voltage v ag and battery charging current i L . These two currents are practically identical; since the traces in Fig. 10(a) are overlapped, the two currents appear as a single trace. Spectrum of one of these two currents is shown in Fig. 10(b) . If compared to Fig. 8(c) , the similarity is obvious. This is to be expected, since these two machine currents constitute the grid current i bg . Machine current components are shown in Fig. 11 . In the torque producing (αβ) plane only α-component is generated. Thus, the field is pulsating, and the starting torque cannot be produced. The xy plane also has only one component excited and it is in the direction of the x-axis, which is in accordance with (5). Fig. 12(a) for this mode of operation. Grid current i ag is in phase opposition with the voltage, thus unity power factor is again achieved. The currents again have the same amplitudes. The spectrum of the current i cg is shown in Fig. 12(b) . Machine currents i c and i d , which constitute the grid current i cg , are shown in Fig. 13(a) , together with the grid-phase voltage v ag and battery charging current i L . As the case was with machine currents i b and i e in Fig. 10 , these two currents in essence appear as a single trace, since they are practically identical. Spectrum of one of the two is shown in Fig. 13(b) and it is similar to Fig. 12(b) . Battery charging current is, like in the charging mode, a dc quantity. However, if compared to Fig. 10(a) , it can be seen that it has a higher absolute value. This is so because in the V2G mode, battery power covers losses in addition to the power that is injected into the grid. Unlike this, in the charging mode, the battery charging power is what is left from the grid power after the losses have been covered.
B. V2G Mode
Finally, by changing the d current component reference to 2 A in a stepwise manner, the transient from V2G into the charging mode is initiated. Fig. 14(a) shows grid-phase voltage v ag , grid current i ag , and battery charging current i L during this transient. Fast transient response is obvious, although this is not of major concern in this application. From Fig. 14(b) , it can be seen that while the d current component follows the reference well, the q-component is kept at zero during the whole transient. As a consequence, the field in the machine pulsates in the same direction. Thus, the machine does not have to be mechanically locked even in transient operation.
It should be noted here that in all experiments resolver readings were taken and these proved that the rotor does not move in either charging or V2G mode, including the transient. Since such traces have already been shown in [23] and are not particularly visually interesting, they are omitted here. If a PM machine is used instead of the IM, the principle of operation and the control algorithm remain unaltered. The only difference is that the rotor magnetic poles would align with the pulsating filed direction and stay where they are further on during charging process.
C. Propulsion Mode
The operation of configuration of Fig. 1 in the propulsion mode is considered in this section. A reversal transient is performed by changing the speed reference from -800 to 800 r/min. The reference and real speed are shown in Fig. 15 , together with the machine's dq current components. It can be seen that the transient is fast, and that the speed tracks its reference well. While the d-component is kept at the constant value, the q-component governs the torque.
Machine phase a current in steady state at speed 800 r/min is shown in Fig. 16 . Low-order harmonics are negligibly small, which validates current control described in Section IV-B.
VI. CONCLUSION
This paper proposes a simple multiphase topology that is capable of operating as an on-board integrated battery charger for EVs. The principles can be used with any prime number of phases, greater than three, as discussed in this paper, and are detailed for the five-phase case. A five-phase inverter and a five-phase machine are integrated in the charging process, and fast (three-phase) charging is realized. Electromagnetic torque is not produced in the machine during the charging/V2G mode. Only two additional switches are required to perform hardware reconfiguration between the propulsion and the charging/V2G mode of operation. This paper explains the idea using the five-phase topology and gives detailed control schemes for the charging and propulsion configurations. Experimental results are provided to validate the torque-free operation with unity power factor, in both charging and V2G modes. Good dynamic behavior in propulsion mode is also demonstrated. DC source/sink: "Spitzenberger & Spies"-two DM 2500/PAS systems connected in series. Power sinking up to 4 kW is enabled by an additional resistive load RL 4000.
Controller: dSPACE DS1006 processor board. DS2004 highspeed A/D board and DS5101 digital waveform output board are used for the A/D conversion of measured signals and PWM signal generation. Incremental encoder interface board DS3002 is used to validate that machine does not move during the charging/V2G process.
Converter: Custom made eight-phase inverter with EUPEC FS50R12KE3 IGBTs. The continuous rating of five-phases of inverter is approximately 17 kVA.
